Abstract Biodegradation of chlorinated pesticide γ-hexachlorocyclohexane (lindane) by a non white rot fungus Conidiobolus 03-1-56 is reported for the fi rst time. Conidiobolus 03-1-56, a phycomyceteous fungus isolated from litter, completely degraded lindane on the 5th day of incubation in the culture medium, and GC-ECD studies confi rmed that lindane removal did not occur via adsorption on the fungal biomass. Degradation studies using different medium compositions showed that nitrogen/carbon limiting conditions (stress conditions) and presence of veratryl alcohol, induced the secretion of extracellular oxidative enzymes, which enhanced the rate of lindane biodegradation. Under optimum nutrient-limiting conditions, GC-ECD and GC-MS analysis showed complete absence of any degradation metabolite, indicating that lindane was completely mineralized. Assays for tannic acid utilization and lignin peroxidase showed similar enzymatic profi les between Conidiobolus 03-1-56 and standard white rot fungi Pleurotus ostreatus 1200 and Trametes versicolor 1086. Although Conidiobolus 03-1-56 showed a reduced enzyme activity compared to white rot fungi, preliminary evidence indicates that enzymes responsible for lignin degradation by white rots play a key role in lindane degradation by Conidiobolus 03-1-56.
Introduction
The γ-isomer of hexachlorocyclohexane, commonly known as lindane or γ-HCH, is a highly persistent and recalcitrant organochlorine pesticide [1, 2] Although its use is restricted or completely banned in most countries, it continues to pose serious environmental and health concerns due its toxicity and bioaccumulation arising from its persistence in water, soil and sediments. Adverse health effects associated with lindane and other isomers include neurological problems and immunosuppression in humans and liver cancer in rats and mice [3] . Lindane is relatively recalcitrant under aerobic conditions [2, 1, 4] but aerobic and anaerobic lindane degradation using bacteria has been reported [5, 6, 7, 8, 2, 9 and 10] . However, only a few bacterial species are known to completely mineralize lindane in the laboratory and open environments. Therefore, the search for new bioremedial agents capable of rapid and complete lindane mineralization remains a scientifi c challenge.
Bioremediation of a wide variety of pollutants such as azo dyes, heavy metals (chromium) and pesticides (DDT and lindane) have been reported using fungi [11] . There are advantages in using fungi for bioremediation, as they possess extra-cellular enzymes and their mycelia provide deeper penetration and large surface area. Fungi can thrive on bulk pollutant matter, thus enhancing the bioavailability of compounds having low water solubilities such as lindane. Additionally, the non-specifi c nature of their enzyme system enables the fungi to degrade complex mixtures of pollutants upto CO2. This is very important because the metabolites formed during the degradation process cause toxicity, to the same extent or even greater than the parent substance. The degrading system of fungi, however, is usually induced by nutrient depletion and not by a particular pollutant. In this way, the fungi can degrade very low concentrations of a pollutant, without any pre-conditioning [12] .
Among fungi, only white rot species (WRF) show high effi ciency in degradation of a variety of xenobiotic compounds. [13, 14, 15, 16, 17, 18 and 19] . The capability of whiterot fungi to degrade pollutants like lindane is based on the production of highly potent, non-specifi c extracellular enzymes (peroxidases, phenol oxidases, manganese and lignin peroxidase, laccases) that catalyze a wide range of one-and two-electron oxidations, leading to the breakdown of organic compounds [20, 21] . The production and activity of these enzymes are two prerequisites for successful application of white rot fungi in bioremediation. Lindane biodegradation using WRF has been reported using different strains of Pleurotus such as fl orida, sajor-caju, eryngii, ostreatus, and by other white rots such as Cyathus bulleri, Phanerochaete chrysosporium and Trametes hirsutus [22, 15, 16 and 23] .
Although white rot fungi possess such an effi cient enzyme system, they are very slow growing species, and in some cases, also require oxygen-rich environments [24] for their growth. Moreover, the aging of fungal mycelium and the risk of contamination by bacteria under non-sterile conditions have hindered the application of white rot fungi in wastewater treatment [25] . To overcome these disadvantages of white rots, attempts should be made to isolate fast growing non-white rot fungal cultures capable of rapid and complete lindane degradation. The enzymatic profi le of such cultures would then play an important role in determining the extent of lindane degradation in the medium.
The present study reports lindane biodegradation using a non-white rot, phycomyceteous fungi Conidiobolus 03-1-56 isolated from litter. Under carbon/nitrogen limiting conditions, GC-ECD and GC-MS analysis showed complete absence of degradation metabolites. Enzyme assays showed that Conidiobolus 03-1-56 possessed a similar enzyme profi le to white rot fungi but with a lower activity.
Experimental procedures

Chemicals
Lindane (γ-HCH, > 99.9 % purity) was procured from Sigma Chemicals, USA. Fungal culture media were supplemented with 5 mg/L of lindane using a stock solution of lindane (1000 mg/L) prepared in acetone (purity, ~ 99 %, Merck Chemicals, UK).
Growth and Maintenance of Fungal Cultures
Conidiobolus 03-1-56 fungal culture was isolated from litter. For comparing the extracellular enzyme activity of Conidiobolus 03-1-56 with standard white-rot fungi (WRF), Pleurotus ostreatus 1200 and Trametes versicolor 1086 were procured from National Chemical Laboratory Culture Collection (NICM), Pune, India. The culture was maintained on malt extract-yeast extract-peptone-glucose (MGYP) medium [26] at 28°C. The fungal culture was grown in liquid medium in 250 mL Erlenmeyer fl asks containing 50 mL of medium at 28°C under shaking conditions at 150 r.p.m. WRF were maintained on potato dextrose agar medium.
Degradation of Lindane by Conidiobolus 03-1-56
Culture-containing MGYP broth was supplemented with 5 mg/L of lindane in 250 mL Erlenmeyer fl asks containing 50 mL of medium at 28°C under shaking conditions at 150 r.p.m. Lindane degradation from culture medium was monitored on 0, 2nd, 5th and th day of incubation. Media without lindane served as controls. Samples of the culture media (1 mL) were pipetted out at fi xed time intervals and centrifuged at 8000 g for 10 min to separate the fungal mass from the medium. Residual lindane and its degradation products were estimated using gas chromatography. All experiments were done in triplicates. For Plate Clearance Assay, a loopful of fungal culture was spot inoculated on the medium. Plates were incubated at 28°C for 5 days. Solidifi ed MGYP medium was supplemented with 1000 mg/L lindane. The solubility of lindane in water is only 7.3 mg/L at 25°C. Excess lindane in the solution precipitated and gave a chalky appearance to the medium. A loopful of fungal culture was spot inoculated on the medium. Plates were incubated at 28°C for 5 days.
Lindane Adsorption on Fungal Mycelia
To confi rm whether lindane removal from solution was due to degradation or by adsorption onto the fungal mycelia, fungal biomass grown in MGYP medium supplemented with lindane (5mg/L), was centrifuged, washed three times in sterile distilled water and then washed with HPLC grade n-hexane to remove adsorbed lindane and its degradation products. The mycelial mats were also homogenized in a mortar and pestle and extracted with hexane. Both n-hexane fractions were analyzed using GC. All experiments were done in triplicates.
Gas-Chromatography
For gas chromatographic determination of the residual lindane in the synthetic medium, 100 μL supernatants were extracted in 1 mL n-hexane (HPLC grade, Qualigens Chemicals, India), by vortexing for 5 min. Residual lindane was analyzed using a Gas Chromatographic system (Perkin Elmer Auto system XL) with ECD detector using capillary column SGE 3780B21 (length-25m, type-bonded phase, material-silica, phase-BP5 (non polar), fi lm thickness-0.5 μm). The conditions of analysis were, oven temperature -240°C, injector temperature -230°C and detector temperature -280°C, carrier gas: nitrogen at 35.0 mL/min. Retention time of lindane for the isothermal method was 2.9 min. Detection of degradation metabolites was carried out using a thermal ramping method: the column temperature was started at 50°C, held for 10 min, ramped up to 150°C at a rate of 10°C/min, held for 10 min, ramped to 240°C at a rate of 10°C/min and fi nally held for 15 min. The temperature of the injector and detector were maintained at 230°C and 280°C respectively. The retention time for lindane was 15 min in the thermal ramping method.
GC-MS was performed on a Trace GC 2000 (Thermo) model equipped with a Mega 5 MS capillary column (30 m, 0.25 mm ID and 0.5 μm fi lm thickness). The column temperature started at 50°C, held for 10 min, ramped upto 150°C at a rate of 10°C/min, held for 10 min, ramped to 240°C at a rate of 10°C/min and fi nally held for 15 min. EI-MS was carried out at 15 eV ionization potential and 230°C ion source temperature. 15 μL samples were injected each time.
Optimization of the Nutritional Environment of the Fungus
Different sets of media compositions were used ( The reaction mixture for ligninase assay contained 50 mM tartaric acid (pH 3.0), 2 mM veratryl alcohol and 500 μL of diluted cell-free culture fl uid in a fi nal volume of 1 mL. The reaction was started by addition of 0.4 mM H2O2 solution. The formation of veratraldehyde was monitored at 310 nm. A calibration plot for the above assay was initially calculated using same reaction medium but containing varying concentrations of 0.4 mM H2O2 and no culture fl uid. The absorbance at 310 nm was monitored at fi xed time intervals after the addition of H2O2 (plot linearity was observed between 0-3 minutes beyond which there were deviations). The enzyme activity in the culture fl uid was calculated in terms of U/L unit (U) was defi ned as the amount of enzyme that oxidized 1 μmol of veratryl alcohol in 1 min.
Results and discussion
Biodegradation of lindane by Conidiobolus 03-1-56
Gas chromatographic analysis of the fungal growth medium indicated that on the fi fth day of incubation, lindane degradation was mediated by Conidiobolus 03-1-56, while no removal was observed in the control medium. GC analyses of cell-free extracts from the Conidiobolus 03-1-56 culture medium showed the presence of only one peak on the day zero samples, corresponding to lindane. This peak intensity decreased substantially on the third day, with the appearance of an additional peak at a lower retention time. On the fi fth day of the experiment, complete degradation of lindane and disappearance of the second peak was observed. The additional peak corresponded to the degradative product of lindane. The results clearly indicated that the utilization of lindane by the fungus started only after the depletion of easily degradable nutrients in the medium. Thus, complete lindane degradation by the fungus was achieved on the fi fth day of incubation. Plate clearance assay using Conidiobolus 03-1-56 was also performed as a parallel test to study the degradation ability of this fungus. After 5 days of incubation, a zone of clearance was observed around the fungus, showing its ability to utilize lindane ( Fig. 1) as a carbon source.
GC analysis of the mycelial extract on the fi fth day of incubation did not show the presence of lindane. This indicated that lindane removal from the medium was not due to adsorption on the fungal mycelia. Attempts to study lindane degradation by Conidiobolus 03-1-56 in basal minimal salts medium supplemented with lindane were not successful due to its inability to grow in the presence of inorganic N-containing nutrient sources. It had an obligatory requirement of organic sources for its growth.
Enhanced biodegradation of lindane by Conidiobolus 03-1-56 under nutritional stress
Use of non-white rot fungi, having similar extracellular enzymes as WRF, has not yet been explored for degradation of organic pollutants. In order to develop a potential lindane bioremediation technology using Conidiobolus 03-1-56, a fast growing non white rot fungal strain, we carried out optimization of process parameters for enhanced lindane utilization by this fungus. Standardization of culture and nutritional conditions to achieve enhanced lindane degradation was a crucial factor. Drastic changes in the medium conditions (pH, temperature or use of basal minimal medium with only lindane as sole carbon source) led to the death of this fungal culture. Hence, modifi cations were carried out in the medium constituents, in a stepwise manner, wherein the effect of changes in the culture environment on the fungal morphology was constantly monitored microscopically. Simultaneous GC analysis was also performed for studying lindane degradation under these specifi c culture conditions.
It is known that extracellular enzymes produced by fungi (particularly WRF) are various isoforms of extracellular oxidases (laccases, Mn peroxidase, lignin peroxidase) involved in the degradation of lignin [24, 25] . These enzymes are produced during their secondary metabolism, and hence synthesis and secretion of these enzymes is often induced by limited nutrient levels (mostly C or N) [27, 28] . These enzymes are also generated when excess amount of toxic pollutants present in the culture media lead to stress conditions. This enzyme secretion under stress contributes to the degradation of various xenobiotic pollutants. Additionally, veratryl alcohol (3,4-dimethoxybenzyl alcohol), a fungal metabolite and a lignin peroxidase substrate, functions as an inducer for such enzymes [29] .
Taking into account the above knowledge, enhanced lindane removal by Conidiobolus 03-1-56 under nutritional stress, the fungus was grown in four different media compositions (Table 1) . It was observed that pre-grown Conidiobolus 03-1-56 could degrade ~ 95 % lindane in 48 h. Hence, pre-grown fungal biomass was used in all four compositions. GC analysis of set A showed complete lindane removal with 72 h. In sets B and C, lindane degradation was more rapid compared to set A, i.e., in 48 h. In set D, however, complete lindane degradation occurred in only 24 h. To further confi rm this result, GC-MS of set D was performed. Figure 2 shows the GC-MS analysis, which indicated complete lindane removal. No peak corresponding to any degradation metabolite was observed. This indicates that lindane was completely mineralized to CO2. Experiments to quantify the mineralization effi ciency using 14 C lindane are currently in progress. A 50-fold decrease in carbon source concentration only (set B) increased the rate of lindane degradation compared to set A (48 h compared to 72 h). A simultaneous 10-fold decrease in nitrogen source concentration (set C), however, did not change the rate of lindane degradation compared to set B. But addition of veratryl alcohol (set D) resulted in a rapid increase in the lindane degradation activity of Conidiobolus 03-1-56. Data in Figure 3 show that complete removal of lindane from the medium was achieved in 24 h. GC-MS analysis of the corresponding samples confi rmed the absence of lindane and other degradation metabolites.
Enhanced lindane degradation in carbon-and nitrogenlimiting conditions along with the addition of veratryl alcohol has been reported for white-rot fungi such as Pleurotus ostreatus, Trametes hirsutus and Phanerochaete chrysosporium. [11, 15 and 30] . In the present study, the enhanced lindane degradation shown by Conidiobolus 03-1-56 under stress conditions was caused by the production of LME and LiP. This probable process of enzyme mediated enhancement in degradation fi nds similarities with mechanistic pathways of pollutant destruction by WRF.
Lindane-degrading enzymes produced by Conidiobolus 03-1-56
To determine the type of lindane-degrading extracellular enzymes secreted by Conidiobolus 03-1-56, plate clearance assays were performed for lignin-modifying enzymes (LME) and lignin peroxidases (LiP). Figure 4 shows a zone of clearance in plates containing tannic acid and incubated with Conidiobolus 03-1-56 for 48 h. The plates also showed a prominent brown-blackish pigmentation (Fig. 4) . Presence of LME is confi rmed by tannic acid utilization, which produces a zone of clearance or zone of oxidation and pigmentation in solid medium. Lignin peroxidase (LiP) catalyzes the oxidation of veratryl alcohol by H2O2 to veratraldehyde. The alcohol exhibits no absorbance at 310 nm whereas the aldehyde absorbs strongly at that wavelength (molar extinction coeffi cient = ε310 = 9333 M -1 cm -1
. This property was used to determine LiP concentration in a continuous spectrophotometric assay [14] . The activity of the enzyme in the culture fl uid of Conidiobolus 03-1-56 was calculated as 7.7 U/L. Comparison of these enzyme profi les was done with standard white-rot fungi Pleurotus ostreatus and Trametes versicolor. LiP activities of the standard cultures were also measured as 84.1 U/L and 93.2 U/L respectively. Thus, it was evident from the above preliminary experiments, that Conidiobolus 03-1-56 showed an enzymatic profi le similar to that of standard white rot fungi, albeit with a reduced activity (7.7 U/L compared to 84.1 or 93.2 U/L).
Conclusion
Conidiobolus 03-1-56, a non-white rot phycomyceteous fungus, completely degraded lindane in culture medium on 5 th day of incubation. GC analysis indicated that adsorption of lindane on fungal mycelia was not responsible for lindane removal from medium. Lindane was utilized as a carbon source by Conidiobolus 03-1-56 only after all other carbon sources were exhausted. Enzyme assays showed the presence of lignin modifying enzymes and lignin peroxidase in the culture medium, which were responsible for lindane degradation. Optimization of nutritional environment in culture medium showed that nitrogen/carbon limiting conditions (stress conditions) induced the secretion of these extracellular enzymes, which enhanced the rate of lindane degradation. Secretion of such enzymes under stress conditions fi nds a parallel with enzyme secretion in white rot fungi. Conidiobolus 03-1-56 showed an enzymatic profi le similar to that of standard white rot fungi such as Pleurotus ostreatus and Trametes versicolor, albeit with reduced enzyme activity. We would like to emphasize here that in spite of possessing low enzyme activities, Conidiobolus 03-1-56 rapidly degraded lindane (~ 24 h only) under optimum medium composition. This unique behavior exhibited by a non-white rot fungal species is noteworthy and is the fi rst report of lindane degradation by non-white rot fungi. The mechanistic pathway of lindane degradation by this fungus is being elucidated, and further research work to get a critical insight into the mechanism of lindane degradation is being carried out.
